INTRODUCTION
Gram-positive bacteria play vital roles in food and health, although the nature of this role can vary greatly. Gram-positive bacteria include generally-regarded-as-safe organisms used in food fermentations, ubiquitous gastric commensals, and potentially beneficial probiotic bacteria. However, gram-positive pathogens can also cause diseases ranging from dental caries to potentially fatal gastrointestinal infections. The acidic environments encountered in food and in the gastrointestinal tract provide a significant survival challenge for these diverse organisms. For example, the preferred delivery vehicles for probiotic cultures are yogurts and fermented milks, both of which present an acid challenge. Subsequently the bacteria will need to survive the highly acidic gastric juice if they are to reach the small intestine in a viable state (113, 140) . Hence, acid tolerance is accepted as one of the desirable properties used to select potentially probiotic strains. In striking contrast, the acid tolerance of a pathogen such as Listeria monocytogenes, again assisting survival in the stomach and also in the macrophage phagosome, could be considered a virulence factor. Thus, it is timely to consider the mechanisms used by gram-positive organisms to protect themselves from the challenge posed by low-pH environments such as food and gastric juice, and comment on the strategies by which they can be aided or impeded.
While many excellent reviews have outlined the numerous systems which have been characterized in gram-negative bacteria (7, 196, 215) and, to a lesser extent, in oral streptococci (27, 186) , until recently the relative lack of information pertaining to acid resistance systems in gram-positive bacteria has militated against a review of this area. This may reflect the perception that the F 1 F 0 -ATPase proton pump was solely responsible for the survival of some of these organisms in acidic environments. It is now apparent that a combination of constitutive and inducible strategies which result in the removal of protons (H ϩ ), alkanization of the external environment, changes in the composition of the cell envelope, production of general shock proteins and chaperones, expression of transcriptional regulators, and responses to changes in cell density can all contribute to survival (Fig. 1) . These mechanisms counter the negative impact of a reduction in cytoplasmic pH, which can include loss of activity of the relatively acid-sensitive glycolytic enzymes (which severely affects the ability to produce ATP) and structural damage to the cell membrane and macromolecules such as DNA and proteins.
While gram-positive bacteria may encounter a wide range of low-pH environments, most studies have focused on those where bacterial growth and survival have an impact on human health and economics, i.e., survival and growth in food, effect on the oral cavity, gastric transit, and intracellular survival (Fig.  2) . Acid has been used as a food preservative for millennia, primarily in the form of food fermentations. In each case, the fermentation process involves the oxidation of carbohydrates to generate a range of products including organic acids, alcohol, and carbon dioxide. Such products have a preservative effect through limiting the growth of spoilage and pathogenic members of the flora in the food product. Weak acids have potent antimicrobial activity because the undissociated form of weak acids pass freely through the cell membrane. Since the cytoplasmic pH is generally higher than that of the growth medium, the weak acid dissociates, releasing a proton and leading to acidification of the cytoplasm. Such is the effectiveness of weak organic acids in preventing bacterial growth that they are commonly added directly to foods, either alone or in combination with other preservatives. Such an addition is unnecessary in foods fermented with, for example, the homofermentative Lactococcus lactis, which converts 90% of metabolized sugar to lactic acid. An understanding of the acid resistance mechanisms used by lactic acid bacteria (LAB) to survive the by-products of their own metabolism and the responses available to spoilage and pathogenic organisms in low-pH foods is thus of great importance.
Following the intake of dietary carbohydrate, acidogenic (acid-producing) and aciduric (acid-resistant) bacteria constituting the oral biofilm ferment metabolizable sugars, producing acid that can lower the plaque pH from 7.0 to 4.0 within 3 min. This is significant, given that tooth demineralization can occur at pH 5.2 and below (119, 122) . The demineralization phases are followed by periods of alkalinization that promote remineralization. Dental caries occurs when the acidification phases prevail over the alkalinization phases, allowing the establishment of a more acidogenic flora, which in turn results in lower plaque pHs and enhanced and prolonged enamel demineralization. This process ultimately results in the formation of a carious lesion. Thus, the ability of bacteria to produce acid in combination with growth at low pH is regarded as a virulence factor. Dental caries is one of the most common causes of tooth loss in the developed world, constituting a substantial economic burden. The bacteria most closely associated with the initiation and progression of dental caries are mutans streptococci (Streptococcus mutans and S. sobrinus), lactobacilli, and possibly Actinomyces species, with acidogenicity and aciduricity being two of the most important virulence factors.
Further down the alimentary canal, ingested microbes enter the stomach. The stomach acts as a reservoir that controls the rate of entry of material into and, more importantly with respect to this review, the number of bacteria entering the small intestine. Humans secrete approximately 2.5 liters of gastric juice each day, generating a fasting gastric pH of 1.5, which increases to between pH 3.0 and 5.0 during feeding (116) . The role of gastric acid is most apparent in patients who are achlorydic, i.e., unable to produce HCl, or have undergone a partial gastrectomy. In these circumstances, the number of aerobes, anaerobes, and coliforms increases so that there is overgrowth of bacteria in the stomach. It has also been observed that neutralization of acid by food or bicarbonate decreases the infectious dose; for example, an increase in the pH of the stomach results in gastric transit of greater numbers of Listeria (44, 63, 64, 198, 205, 258) while gastrectomy and chronic gastritis are risk factors for the development of intestinal tuberculosis (62) . Interestingly, preadaptation under conditions similar to those encountered by Mycobacterium avium in its natural habitat allows the organisms to resist the acidic conditions of the stomach (20) . For obvious reasons, it is also vital that probiotics be able to transit the stomach despite its low pH (118) . Intrinsic resistance to gastric acid is a relatively rare probiotic property, with Lactobacillus acidophilus and bifidobacteria being among the most resistant (34) . Gastric survival is also a highly valued property because it overcomes the limitations associated with needing to use food carriers with high buffering potential to aid gastric transit and ensure the delivery of viable cells into the small intestine.
Invasive pathogens also need to survive or avoid additional exposure to acid following phagocytosis by macrophages. Initially the phagosomal pH drops due to the activity of the vacuolar ATPase. Then, following phagosome-lysosome fusion, myleoperoxidase is released into the phagolysosome by the host and catalyzes the formation of potent hypochlorous acid (HOCl) from chloride ions and H 2 O 2 . The Listeria monocytogenes hemolysin protein responds to the initial drop in pH brought about by the vacuolar ATPases to permeabilize the phagosomal membrane and permit the bacterium to escape prior to phagosome-lysosome fusion (14) . Pathogenic mycobacteria alter the phagosomal pH by excluding vacuolar ATPase from the phagosome membrane or inhibiting phagosome-lysosome fusion (197) . The latter strategy would also appear to be used by Rhodococcus equi (260) .
In this review the mechanisms of acid resistance that are most common among gram-positive bacteria are described. In addition, the consequences of survival of gram-positive bacteria at low pH with the aid of these and other, less common, systems are discussed. We also discuss how this knowledge might be adapted to enhance the survival of beneficial bacteria and reduce the survival of pathogenic bacteria in low-pH environments.
MECHANISMS OF RESISTANCE
Proton Pumps F 1 F 0 -ATPase. The multisubunit F 1 F 0 -ATPase links the production of ATP to the transmembrane proton motive force (PMF) and can either generate ATP at the expense of the PMF established by respiring cells or generate a PMF using ATP produced by fermentative substrate-level phosphorylation. The PMF can facilitate the extrusion of protons from the cell cytoplasm, resulting in a drop in intracellular pH. The membrane-embedded F 0 complex, composed of subunits a, b, and c, has proton-translocating activity, although its channel activity is increased by coexpression of some F 1 proteins, suggesting a possible role for an F 1 protein in the assembly or gating of the channel. The peripherally bound F 1 complex, consisting of subunits ␣, ␤, ␥, ␦, and ε, has ATPase activity when it is released from the membranes and catalyzes the coupled interconversion of proton translocation and ATP synthesis or hydrolysis when it is complexed to the F 0 complex in sealed membranes (87) .
(i) Enterococcus hirae. Initial studies of the importance of the F 1 F 0 -ATPases in the regulation of cytoplasmic pH were made with Enterococcus hirae (formerly Streptococcus faecalis). This organism does not have a respiratory chain and thus is not capable of using the F 1 F 0 complex for synthesis of ATP via oxidative phosphorylation. As a result, the sole function of this complex in E. hirae is the extrusion of hydrogen ions (H ϩ ) and consequently the establishment of pH homeostasis (111) . ATPase activity in E. hirae is controlled primarily at the level of pH-dependent subunit assembly with a decrease in cytoplasmic pH (pH 1 ), resulting in increased ATPase activity (6, 132, 133) . Regulation of transcription or translation does not seem to play an important role. While translation is stimulated at low pH, it occurs at too low a level to account for the increase in the level of membrane-bound ATPase (6) . A basal level of ATPase also exists at alkaline pH despite the lack of an obvious role in these conditions (133) . It is speculated that it may be present to allow the rapid resumption of growth should the pH drop suddenly (124) . In addition, the acid optimum of the complex contributes to pH homeostasis by preventing overalkalization of the cytoplasm (131) . The importance of the F 1 F 0 -ATPase was demonstrated by the isolation of mutants that were sensitive to acid as a result of defects in the complex. Such sensitivity is generally typified by an inability to grow at pH 6, despite growth rates matching those of the parent when grown at pH 7.8 (218, 219) .
(ii) F 1 F 0 -ATPase in other genera. It was found that different acid tolerances in species of oral lactic acid bacteria corresponded to their relative permeabilities to protons. As well as the passive inflow, the permeability of a cell to protons is dictated by an active outflow through the proton-translocating membrane ATPase. Thus, the pHs at which the permeabilities of the relatively acid-tolerant Streptococcus mutans (pH 5) and S. salivarius (pH 6) and the relatively sensitive S. sanguis (pH 7) were lowest are reflected by the pH optima of the ATPase enzymes in these species of pH 6.0, 7.0, and 7.5, respectively. These figures correspond to the relative acid tolerances of these bacteria, indicating the importance of the role played by the ATPase in resistance to low-pH stress (17, 217) . The S. sanguis and S. mutans ATPase operons have been compared, but it has not been possible to identify differences that might explain their contrasting activity at low pH (186) . It is interesting that the pH profiles of these F 1 subunits are similar, differing dramatically only following binding with F 0 (217) . The link between ATPase and acid tolerance has also been demonstrated for ruminal bacteria, where membranes of acid-sensitive bacteria such as Ruminococcus albus and Fibrobacter succinogenes contain much lower levels of ATPase than do those of the relatively tolerant Megasphaera elsdenii and Streptococcus bovis. While the variations in tolerance cannot be explained by the pH optima of the enzymes for these bacteria, since they are all similar, the activity profiles show that the ATPases from the tolerant bacteria are less sensitive to low pH (160) , which is also the explanation for the acid resistance of the Leuconostoc oenos mutant LoV8413 (80) . In accordance with the above observations, the acid sensitivities of the Lactococcus lactis subsp. lactis C2 mutant (5, 257) and the Lactobacillus helveticus mutant CPN4 (254) are explained by reduced ATPase activity at low pH, and thus the variations in acid tolerance in all of the above examples can be attributed to their relative ATPase activities at low pH.
To date, all streptococci appear to possess an F 0 gene order consisting of atpEBF, in contrast to atpBEF in most other bacteria (Fig. 3) . However, the significance of this remains unclear since rearrangement of the genes within the Escherichia coli operon does not appear to influence the assembly and function of the enzyme (246) . Interestingly, the S. mutans, S. sanguis, Lactobacillus acidophilus, and Lactococcus lactis operons all lack an atpI homologue upstream of the structural gene. The role of AtpI in the biology of bacterial ATPase is unknown, and although mutations have a slightly detrimental effect, ATPase assembly and function are not impaired. In S. sanguis (137) and S. mutans (213) , a relatively large intergenic region with no known role occupies this position. The external pH has no effect on the transcriptional start sites for the ATPase operons in S. mutans (213) or S. sanguis (137) , implying that the intergenic region is unlikely to be regulated.
In contrast to the situation in Enterococcus hirae, the promoter of the S. mutans ATPase operon is up-regulated at pH 5 relative to pH 7. Optimal expression is dependent on the presence of upstream inverted repeats, although pH-dependent regulation is still observed in their absence (137, 186) . A pH-dependent increase in ATPase transcription is also observed in S. pneumoniae. A point mutation in the Ϫ10 box of the pH-inducible promoter abolishes pH regulation (155) . L. acidophilus atp mRNA production also increases on exposure to low pH, resulting in a twofold increase in the activity of the enzyme (138) .
In addition to lactic acid bacteria, the F 1 F 0 -ATPase complex plays a major role in the acid resistance mechanisms of other gram-positive bacteria. The involvement of the Listeria monocytogenes F 1 F 0 -ATPase in resistance to acid stress was confirmed when it was found that cells treated with N,NЈ-dicyclohexylcarbodiimide (DCCD), an inhibitor of ATPase activity, were much more sensitive to exposure to pH 3.0 than were untreated cells. Treatment with DCCD resulted in a reduction in the level of survivors to 1% (stationary phase) or 0.001% (log phase) of that of untreated controls (67) . F 1 F 0 -ATPase also plays a role in the induction of an acid tolerance response (ATR), i.e., the phenomenon whereby the tolerance of an organism to lethal pH increases as a consequence of a prior FIG. 3 . (A) Alignment of ADI gene clusters. arcA, arginine deiminase; arcB, ornithine transcarbamylase; arcC, carbamate kinase; arcR, Crp/Fnr-type regulator; arcD, ornithine/arginine antiporter; arcT, noncharacterized transaminase; argR, arginine of the ArgR-AhrC family. The identities of a number of the genes indicated above remain putative (L. sakei [262, 263] , E. faecalis [11] , S. gordonii [78] , S. pyogenes [74] , S. suis [250] , and O. oeni [228] exposure to a sublethal pH (50) . It was found that acid-adapted logarithmic-phase cells treated with DCCD are greatly sensitized to low pH stress. Two-dimensional gel electrophoresis has shown that the b subunit of the L. monocytogenes ATPase is induced by acid stress, and it may also be significant that the atpC (ε subunit) and atpD (␤ subunit) genes are preceded by boxes associated with PrfA, the positive regulator of virulence genes (97) . In M. smegmatis, the delta pH at external pH of 5.0 was dissipated by protonophores and DCCD. These results demonstrate that proton extrusion by the F 1 F 0 -ATPase plays a key role in maintaining the internal pH near neutral (191) . In addition to the F 1 F 0 -ATPase, cation transport ATPases such as K ϩ -ATPases can contribute to pH homeostasis through the exchange of K ϩ for H ϩ . It was found that at pH o (pH outside the cell) 5.0 the pH i (pH inside the cell) of glucose-energized S. mutans is 5.5 in the absence of K ϩ but increases to 6.14 in the presence of 25 mmol of K ϩ per liter (66) . Similar observations were reported for L. lactis (128) and E. hirae (9, 130) .
Glutamate decarboxylase. Almost 60 years ago, it was proposed that amino acid decarboxylases function to control the pH of the bacterial environment by consuming hydrogen ions as part of the decarboxylation reaction (93) . Examples of this are the lysine, arginine, and glutamate decarboxylases (GAD), which operate by combining an internalized amino acid (lysine, arginine, or glutamate) with a proton and exchanging the resultant product (cadaverine, agmatine, or ␥-aminobutyrate) for another amino acid substrate. Thus, an extracellular amino acid is converted to an extracellular product, but the consumption of an intracellular proton results in an increase in intracellular pH. Of the three systems mentioned, only the GAD system has been associated with pH control by gram-positive cells.
Among gram-positive bacteria, genetic characterization of GAD systems has been undertaken for L. lactis (202) and L. monocytogenes (51) . However, biochemical studies have been used to analyze the corresponding systems in Clostridium (56, 90) , some species of Mycobacterium (184), Bacteroides, Fusobacterium, Eubacterium (10) , and Lactobacillus brevis (230) . According to the most simple model (212) , after uptake of glutamate by the specific transporter, cytoplasmic decarboxylation results in the consumption of an intracellular proton. The reaction product, ␥-aminobutyrate (GABA), is exported from the cell via an antiporter. The net result is an increase in the pH of the cytoplasm due to the removal of hydrogen ions and a slight increase in the extracellular pH due to the exchange of extracellular glutamate for the more alkaline GABA. It has also been proposed (202) , based on results presented by Higuchi et al. (115) showing that ATP could be generated by glutamate metabolism in lactobacilli, that the GAD system functions to provide metabolic energy by coupling electrogenic antiport and amino acid decarboxylation. It is thought that three successive decarboxylation-antiport cycles create a PMF sufficient for the synthesis of one molecule of ATP via the F 0 F 1 ATPase (Fig. 4) . The significance of the GAD system is linked to the presence of glutamate in foods. The use of glutamate for food flavor enhancement is a long-established process and can be traced back to the Orient, where seaweeds rich in glutamate were used for this purpose. In modern foods, the sodium salt monosodium L-glutamate monohydrate, usually termed MSG, is by far the most common source, although the potassium, ammonium, and calcium salts are also used (120) . Glutamate is also present in a number of food ingredients, while the amino acid itself is used to adjust the acidity of foods. Protein-rich foods such as meat and milk, as well as many vegetables, also have a high content of bound glutamate, while their fermented derivatives have increased levels of free glutamate. If one also considers the antihypertensive effects of foods containing GABA, it is easy to appreciate the importance of glutamate decarboxylation.
(i) Lactic acid bacteria. The Lactococcus lactis gadCB operon was identified as a result of analysis of its chloride-dependent promoter. The predicted lactococcal GadC is homologous to GadC of Shigella flexneri (51% identity and 17% similarity [244] ) and GadC of E. coli (114) . On the basis of these homologies and the predicted presence of 12 potentially membranespanning hydrophobic domains, gadC is thought to encode an amino acid antiporter. The gadB product is most homologous to Synechocystis GAD enzymes (48% identity and 15% similarity [126] ) and is highly similar to GadA and GadB of E. coli (43 and 44% identity, respectively [214] ). GadB was named because its encoding genes in E. coli and S. flexneri are adjacent to a gadC gene (202) . Southern blot analysis of a number of strains of L. lactis subsp. lactis has shown gadB to be present in a single copy (166) . A constitutively expressed gene, gadR, was found upstream. GadR positively regulates chloride-induced expression of gadC and gadB.
It was found that the lactococcal gadC and gadB genes were maximally expressed at low pH and at the onset of stationary phase in the presence of NaCl and glutamate and that inser- tional inactivation of gadB resulted in increased acid sensitvity. The induction by chloride is postulated as a mechanism for survival in the stomach, where the organism encounters a highly acidic, chloride-rich environment (202) . It was also proposed that gadCB may be important for lactococcal survival during cheese production. A study of the production of GABA by cheese starters during cheese ripening (164) showed that of 31 colonies isolated from a variety of cheese starters, GABA production was observed in 17. The purified decarboxylase was found to be active in the pH range from 4.0 to 5.5 (optimum at pH 4.7) and to retain 90% activity between 30 and 70°C (166) . Analysis of L. lactis subsp. cremoris strains showed a gadB homolog to be present but not to be active as a consequence of a frameshift mutation (165) . This may, at least to some extent, explain why L. lactis subsp. lactis and cremoris can be differentiated on the basis of their abilities to respond to acid stress. It has been found that L. lactis subsp. lactis can induce an ATR while L. lactis subsp. cremoris cannot (129) . In addition, the sublethal (minimum pH for growth) and lethal levels of acid stress were pH 4.5 and 2.5, respectively, for L. lactis subsp. lactis but higher, at pH 5.0 and 3.0, respectively, for L. lactis subsp. cremoris (129) .
A number of strains of lactobacilli also catalyze the conversion of glutamate to GABA (115, 230) . Of these, the Lactobacillus brevis GAD was purified and found to have optimal activity at 30°C and pH 4.2 and in the presence of 0.2 M pyridine-HCl, but not to be activated by NaCl (230) . In addition, the ability of the GAD system to contribute to ATP synthesis was first demonstrated in Lactobacillus sp. strain E1 (115) .
(ii) Listeria monocytogenes. In L. monocytogenes LO28, two decarboxylase-encoding homologs, gadA and gadB, and an antiporter homolog, gadC, have been characterized (51) . Indeed, a third decarboxylase and second antiporter homolog have been identified in the genome-sequenced strain EGDe (97) . The system plays a role in the acid tolerance of Listeria during both the logarithmic and stationary phases of growth and is also required for the induction of an optimal acid tolerance response. A number of GAD mutants of strain LO28 have been generated. The acid resistance of these strains is in the following order: wild type Ͼ ⌬gadA Ͼ ⌬gadB ϭ ⌬gadC Ͼ ⌬gadAB. Elimination of the GAD system results in sensitization to the low pH of the stomach, resulting in more rapid killing in this environment. This sensitivity manifests itself as a dramatic 6-log-unit reduction of the ⌬gadAB mutant on exposure to porcine gastric fluid, whereas the parent survives relatively unscathed. It is notable that strains which display reduced GAD activity are more sensitive to gastric fluid. Indeed, the significant strain variation in GAD activity correlates significantly with the observed levels of acid tolerance, suggesting that GAD represents the key mechanism for maintenance of pH homeostasis in L. monocytogenes in this environment (51) .
The ⌬gadAB mutant was also used to determine the importance of the GAD system in the survival of L. monocytogenes in low-pH foods such as apple, orange, and tomato juices, yoghurts, salad creams, and mayonnaise (53) . The greater acid sensitivity of the mutant was apparent even in foods with levels of free glutamate as low as 0.22 mM. It was also found that survival of the wild-type strain, in acidified reconstituted skim milk, diluted to reduce free glutamate levels, improves in response to supplementation with monosodium glutamate. With the exception of the dilute-milk model, no correlation was observed between glutamate concentrations and the levels of survival of the wild-type strain, nor the relative difference between the wild-type and ⌬gadAB strains, suggesting that glutamate is present in excess in all instances (53) . It would thus seem that at the mildly acidic pHs of the foods tested, the GAD system can function optimally in the presence of the amount of free glutamate naturally present in these foodstuffs.
(iii) Mycobacterium leprae. Mycobacterium leprae GAD is also proposed to play a role in acid resistance, in this case in the intracellular environment in which the bacteria multiply, or to serve in the creation of energy (184) . In addition, it was suggested that the presence of GAD activity in M. leprae is a reflection of the association of this organism with nerve tissue. Since glutamic acid is the most abundant amino acid in the nerve tissue and since GABA is an inhibitory neurotransmitter, glutamate decarboxylation may contribute to the impairment of sensation in lepromatous lesions (184) .
(iv) Clostridium perfringens. A GAD enzyme purified from Clostridum perfringens was shown to have a pH optimum of 4.7 (56) . A rapid and continuous increase of GAD activity during the late logarithmic phase and early stationary phase was shown to correspond to a reduction in the pH of the culture medium to below 6 (55) .
Electrogenic transport. A number of other transporter-dependent metabolic pathways have been implicated in acid stress responses. Malolactic fermentation (MLF) is the conversion of the dicarboxylic malic acid to the monocarboxylic lactic acid. MLF plays a major role in the activity of the wine bacteria Oenococcus oeni (199) and has also been identified in Lactobacillus sakei (31) , Lactobacillus plantarum (174) , and Lactococcus lactis (192) . The L-lactate produced is excreted via either a lactate-malate antiporter (L. lactis [182] ) or an electrogenic uniport (O. oeni and L. planatum), both of which allow the synthesis of ATP at low pH (Fig. 4) . This ATP production is probably the basis for the implication of MLF in O. oeni acid tolerance (229) . Furthermore, due to the pK difference of the carboxylic groups of malate and lactate, the external replacement of malate by lactate results in alkalinization of the medium.
In L. lactis subsp. diacetylactis, bacterial growth at low pH is aided by induction of the citrate-lactate antiporter, CitP (95) . It is likely that the generation of energy via electrogenic transport and the alkalinization of the medium are responsible for this stimulation of growth (156) . The relief of lactate toxicity is thought to be of primary importance in this regard (151) .
Protection or Repair of Macromolecules
A number of proteins that play a role in the protection or repair of macromolecules such as DNA and proteins are essential for optimal acid resistance. One such protein, RecA, acts as a mediator of homologous recombination and a regulator of the SOS response (243, 256) . It participates in the housekeeping function of repairing and restarting stalled replication forks (54) . RecA-deficient mutants of S. mutans are more susceptible to killing at pH 2.5. However, this deficiency can be almost completely overcome by acid adaptation. In addition, acid adaptation permits increased resistance to UV radiation and hydrogen peroxide. This suggests the existence VOL. 67, 2003 RESPONSES OF GRAM-POSITIVE BACTERIA TO LOW pH 435 of a RecA-independent, acid-induced DNA repair system (188) . The consequences of intracellular acidification include loss of purines and pyrimidines from DNA at a greater rate than at neutral or alkaline pH (146) . This involves protonation of the base followed by cleavage of the glycosyl bond (146) .
The residues left at sites of base loss are referred to as abasic sites or AP (apurinic-apyrimidinic) sites. The repair of AP sites is a multistep process and is initiated by AP endonucleases. It is thus unsurprising that the RecA-independent acid adaptation mechanism in S. mutans involves the induction of an AP endonuclease, designated Smn for ("S. mutans exonuclease"), whose DNA repair activities resemble those of the E. coli exonuclease III (106) . Also in S. mutans, a uvrA-UV excinuclease gene homolog displayed increased expression at pH 5.0 compared to pH 7.5. The corresponding gene in B. subtilis is associated with the nucleotide excision repair pathway involved in DNA repair, which functions in locating and excising bulky DNA lesions (201) . A uvrA mutant of S. mutans was more sensitive than the wild type to growth at pH 5.0, and acid-adapted mutants were unable to survive exposure to pH 3.0. Exposure to these conditions also resulted in more DNA damage being evident in the mutant than in the wild type (110) . It has been suggested that the role of base excision repair involving the AP endonuclease could be to repair minor DNA damage whereas UvrA and the nucleotide excision repair pathway could be responsible for excising larger DNA lesions caused by acid and other DNA-damaging agents. The link between DNA damage repair and acid resistance has also been demonstrated in L. lactis. A moderate UV irradiation induces tolerance to several stresses, including acid shock (112), while four proteins upregulated during acid adaptation were also induced by DNA-damaging treatments (112) . Chaperonins intervene in numerous stresses for various tasks such as protein folding, renaturation, protection of denatured proteins, and evacuation of damaged proteins. Gene expression and protein levels of the DnaK chaperone are upregulated in response to acid shock and sustained acidification in S. mutans (121) . In E. coli, DnaK increases the stability of UvrA (261) , suggesting that at least one of the reasons why the chaperonins play a role in the response to acid shock may be to ensure proper functioning of DNA repair mechanisms.
DnaK is a member of the class I heat shock genes in which regulation involves an inverted repeat (CIRCE element). Transcription of the other member of the CIRCE regulon, GroEL, also increases in response to acid shock. In S. mutans, both groESL and dnaK expression are negatively regulated by HrcA, also encoded within the dnaK operon. An hrcA mutant (SM11) was more sensitive to acid, not being able to lower the environmental pH as effectively as the parental phenotype, although it could mount an ATR. Even then, adapted SM11, cells demonstrated a lower F 1 F 0 -ATPase activity than did adapted wild-type cells (141) . These phenotypes are likely to be due to the altered regulation of chaperone production.
A link between acid stress and chaperones has been demonstrated in a number of other gram-positive bacteria. Acid shock induces 33 proteins, including DnaK, GroEL, and UVinducible proteins, in L. lactis subsp. lactis strain IL 403 (112) . DnaK and GroEL are also induced following acid adaptation of Lactobacillus delbrueckii (145) , while GroEL is induced in response to acid stress in Clostridium perfringens (238) , S. mutans (249) , and Listeria monocytogenes (178, 179) .
In addition to the protective role of chaperonins, the HtrA protein is proposed to be involved in proteolysis of abnormal proteins synthesized under stressful conditions. An S. mutans HtrA mutant demonstrated a reduced ability to grow at low pH (76) . The Clp ATPases also perform a similar role by targeting misfolded protein for degradation by the ClpP peptidase, which itself is not a member of the Clp ATPase family, in addition to protein reactivation and remodeling activities. The Clp proteins are members of the class III heat shock proteins that are regulated by CtsR. Strains lacking ClpP exhibited reduced growth yield at pH 5.0 (141), again demonstrating the need for removal of abnormal proteins.
The small heat-shock protein, Lo18, of O. oeni is induced after acid, heat, and ethanol stress (105) . Upstream of hsp18, the gene encoding Lo18, are found two open reading frames, orfB and orfC, encoding a putative regulator of the LysR family and a protein with homologies to multidrug resistance systems. Heterologous expression of these genes in E. coli significantly enhanced viability under acidic conditions (162) .
Cell Membrane Changes
In addition to a reliance on mechanisms directed to protect or repair DNA and protein damage in general, it has been shown that gram-positive bacteria are frequently sensitized to acid as a consequence of the mutation of genes involved in cell membrane biogenesis, assembly, and maintenance.
The importance of the role of the cell membrane is demonstrated by the changes in membrane fatty acid profiles in response to a pH drop. S. mutans strains grown at pH 5 had increased levels of monounsaturated fatty acids and longerchain fatty acids than did those grown at pH 7. In contrast S. sobrinus 6715, which does not adapt well to pH stress, was less capable of changing its membrane composition (187) . Acidadapted I. monocytogenes was also more tolerant to nisin and other ionophores than was the nonadapted counterpart (67) . It is suggested that the increase in the production of the straightchain fatty acids C 14:0 and C 16:0 as well as the decreased C 18:0 levels associated with acid adaptation may be responsible for this enhanced resistance to bacteriocins as well as, to some extent, the cross-protective effects of acid adaptation in general (235) .
The dlt operon is involved in the synthesis of D-alanyl-lipoteichoic acid synthesis. Inactivation of dltC, encoding the Dalanyl carrier protein (Dcp), resulted in the generation of an acid-sensitive S. mutans strain. This mutant could not grow below pH 6.5, and unadapted cells were unable to survive a 3-h exposure in medium buffered at pH 3.5, while a pH of 3.0 was required to kill the wild type in the same period. Following acid adaptation, the level of mutant survival was 3 to 4 orders of magnitude lower than that of wild-type cells. Proton permeability assays revealed that the mutant was more permeable to protons than was the wild type (21) . Another S. mutans mutant, with a deficiency in the DagK diacylglycerol kinase, demonstrated increased acid sensitivity. This enzyme is involved in phospholipid metabolism, and therefore membrane architecture and composition is again implicated (255) .
A number of other genes have been implicated in contributing to membrane stability and activity at low pH. The acid- (104) . Ffh, the 54-kDa subunit homologue of the eukaryotic signal recognition particle, has also been identified in B. subtilis and E. coli and is involved in protein translocation and membrane biogenesis (149) . In S. mutans, ffh is located within the secretion and acid tolerance (sat) operon, ylxM, ffh, satC, satD, and satE, which has an acid-inducible promoter upstream of ylxM (134) . This explains the induction of the ffh gene in the parent in response to acid shock (104), although it is the only gene of this operon that is involved in acid tolerance (134) . The AS17 mutant is unable to induce an ATR (104), while a subsequently created nonpolar mutant was found to be unable to initiate growth at pH 5.0 (134) . The finding that F 1 F 0 -ATPase levels in the mutant were twofold lower than in the parent strain may at least partially explain its acid sensitivity (104) . Another protein, SGP (Streptococcus GTP-binding protein), is associated with the membrane when S. mutans is grown under a variety of stress-inducing conditions including low pH (8) , while decreased growth is observed at low pH when sgp antisense RNA is expressed (204) . SGP, like its E. coli homolog Era, exhibits properties associated with G-proteins, and while it is essential for normal growth, its function has yet to be determined. Era associates with the inner membrane of E. coli, and it has been suggested that it functions by acting as an interface between energy metabolism and macromolecular synthesis at the ribosome (123) .
Production of Alkali
The capacity of oral biofilms to generate alkaline compounds, which can neutralize acids and prevent the emergence of a cariogenic microflora, is a critical factor in caries prophylaxis and in the inhibition of caries progression. The two most common ways in which oral bacteria generate alkali, or, more specifically, ammonia, involve the urease and arginine deiminase (ADI) pathways. The increased tolerance of cells results from the production of NH 3 , which combines with protons in the cytoplasm to produce NH 4 ϩ , raising the internal pH. Urea diffusing from saliva into dental plaque is converted to ammonia and carbon dioxide by bacterial ureases, while ADI catabolizes arginine to ornithine, ammonia, and CO 2 . An extreme example of the role of urea involves patients with chronic renal failure, who have salivary urea levels 5-to 25-fold higher than healthy controls and who have a very low caries incidence despite having to consume a diet composed primarily of carbohydrates (177) . Furthermore, the levels of free arginine in the parotid saliva of caries-free adults were significantly higher than in adults with a history of dental decay (236) . This explains why caries-resistant subjects have greater ammonia concentrations and higher resting pH in their plaque (152) .
Ammonia is also known to be produced by some mycobacteria and is thought to play a role in the increase in vacuolar pH brought about by phagocytosed mycobacteria (89) . It has been proposed that this trait is responsible for the initial capacity of nonpathogenic mycobacteria to survive in macrophages (136) .
Production of urease. Urease is a nickel-containing oligomeric enzyme that catalyzes the hydrolysis of urea to two molecules of ammonia and one molecule of carbon dioxide (161) . Levels of 3 to 10 mM urea are found in the saliva of healthy individuals (100), although this can range up to 30 mM in patients with renal disease (177) . Urease is produced by a discrete subset of oral bacteria, including S. salivarius, Actinomyces naeslundii, and oral haemophili. Of the oral bacteria, S. salivarius produces the greatest quantities of urease (211) . The enzyme has maximal activity at pH 7.0 and retains 80% activity between pH 5 and 8.5 but rapidly loses activity at more extreme acidic pHs, being essentially inactive at pH 4.3 (211) . Regulation by the growth pH is the preeminent factor in determining the levels of urease produced. In addition, the glucose concentrations in the medium and the growth rate of the cells have an impact (36) . At low pH values (pH 5.5), wild-type urease expression increased approximately 600-fold over that observed in cultures grown at pH 7.0 (38). This was supported by the observation that the level of urease-specific mRNA varied depending on the pH (36) . The phosphoenolpyruvate-dependent phosphotransferase system also plays a significant role, as shown by the observation that carbon flow through the system could alleviate the repression of urease (38) .
The significance of the urease system was best illustrated when a strain of S. mutans, which does not possess a urease system, was genetically engineered to express the urease genes of S. salivarius. Rats infected which this strain had a dramatically lower incidence and severity of all types of caries than did the controls, showing that alkali generation inhibits caries (42) .
The S. salivarius urease operon consists of ureIABCEFGD, with ureC, ureB, and ureA encoding the ␣, ␤, and ␥ subunits that comprise the apoenzyme. The subunits encoded by ureDEFG function as accessory proteins and assist in the incorporation of nickel ions into the enzyme (37) . Two promoters, PureI and PureA, were identified, with the former being regulated by acidic pH and carbohydrate levels (39) .
The current model proposes the existence of a repressor that is phosphorylated in the absence of sugar and during growth at neutral pH values. When sugar becomes abundant, the phosphotransferase system would preferentially phosphorylate sugar, leaving the urease repressor unphosphorylated, thereby facilitating PureI-driven synthesis. Repression of PureI was also observed when it was cloned into the nonureolytic S. gordonii DL1, suggesting the involvement of a global regulatory circuit (35) .
Arginine deiminase. The ADI system has been identified in a variety of bacteria, including mycoplasmas, halobacteria, Pseudomonas sp., Bacillus spp., and a number of lactic acid and dental bacteria catabolizing arginine to ornithine, ammonia, and CO 2 (59) . The impact on humans of bacteria utilizing this system varies greatly. Its presence in oral bacteria is regarded as beneficial. Streptococcus gordonii, S. parasanguis, S. rattus, and S. sanguis (S. sanguinius), some lactobacilli, and a few other oral bacteria, including spirochetes, all utilize either the free form of arginine, which is secreted at concentrations averaging about 50 M, or arginine in salivary peptides and proteins (236) . Despite not seeming to play a role in the ATR, at least not in that of S. sanguis, the system does play a role in the acid resistance of a number of LAB (60) . Its contribution to the acid resistance of lactic acid bacteria and, more specifically, to that of some of the less inherently acid resistant (i.e. non-mutans) oral lactic acid bacteria is of great importance. The presence of an ADI system in such bacteria is significant because it permits VOL. 67, 2003 RESPONSES OF GRAM-POSITIVE BACTERIA TO LOW pH 437 the survival of desirable, less acidogenic bacteria in plaque in the presence of their more aciduric and acidogenic neighbors (26) . While ADI-positive bacteria can utilize arginine in the host diet (193) , it has also been shown that in salivary levels of arginine, lysine, or peptides containing these amino acids that may be at least partially responsible for the low caries rates in caries-resistant individuals (236) . Among the comparatively few ADI-positive organisms that colonize the mouth, S. gordonii is one of the most abundant on tooth biofilms. It is an early colonizer of teeth and forms a major portion of healthy human supragingival dental plaque. Its establishment may even inhibit subsequent colonization by the highly acidogenic, aciduric species responsible for dental caries (78) . The system has three main enzymes: ADI, ornithine transcarbamylase and carbamate kinase, encoded by arcA, arcB, and arcC respectively. The three main enzymes involved in the system appear to be inherently acid tolerant, displaying activity at pH 3.1 and even lower in some species (30) . The level to which this system can be induced may reflect its importance. The degree of induction is 48-fold in S. rattus, 1,467-fold in S. sanguis 10904, and over 300-fold in S. gordonii (61) . One should note, however, that pH itself does not seem to be a major factor in ADI expression in oral streptococci. The ADI system is also present in a number of lactic acid bacteria involved in different food fermentations, although its desirability varies. Lactobacillus sakei, used in meat fermentations, is unusual in that it is a facultative heterofermenter that possesses an ADI pathway. A mutant that lacked arginine deiminase activity was tested to determine the importance of the ADI system in L. sakei for meat fermentations. While no difference between the mutant and wild type was apparent, the authors point out that the levels of free arginine in such circumstances can vary greatly depending on the proteolytic activity (263) . Of 70 strains of sourdough LAB screened for ADI, ornithine transcarbamylase, and carbamate kinase, only obligate heterofermenters possessed all three. One of these, Lactobacillus sanfranciscensis, was examined in greater detail. In addition to enhancing tolerance to acid stress, the system assisted cell growth, assisted cell survival during storage at 7°C, and favored the production of ornithine, an important precursor of crust aroma compounds (70) . Arginine is also one of the major amino acids found in grape juice and wine. While the ADI system protects the LAB involved in MLF of wine (148), there is some concern about the creation of ethyl carbamate (urethane) precursors. Ethyl carbamate is an animal carcinogen that is formed in wine during the nonenzymatic reaction of alcohol with citrulline (228) .
The ADI system acts as a virulence factor in Streptococcus pyogenes. S. pyogenes is a serious human pathogen and causes infections leading to acute disorders such as pharyngitis, erysipelas, otitis media, and impetigo and potentially to glomerulonephritis, acute rheumatic fever, and reactive arthritis. A protein originally designated streptococcal acid glycoprotein and originally characterized as being an inhibitor of stimulated human peripheral blood mononuclear cell proliferation (73, 74) was ultimately identified as an ADI. Its role in acid resistance is demonstrated by a massive 9-log-unit difference in survival between a wild-type strain and an isogenic streptococcal acid glycoprotein-negative mutant after 6 h at pH 4 in the presence of 10 mM arginine (72) . This difference in acid sensitivity is likely to be responsible for the observation that this mutant demonstrates a reduced ability to enter and initially survive in epithelial cells. Streptococcus suis, which causes a number of diseases in young pigs and is also a cause of meningitis in humans, also possesses an equivalent system, although its role in acid resistance and virulence has yet to be established (250) .
In addition to arcA, arcB, and arcC, a number of additional genes play a role in the ADI systems of a variety of organisms (Fig. 3) . ArcD, an arginine-ornithine transporter, has been identified in Enterococcus faecalis, Lactobacillus sakei, and Streptococcus gordonii, while ArcT, found in L. sakei and S. gordonii, appears to be a dipeptidase. arcR encodes an activator of the ADI system and is a member of the Crp-Fnr family of regulators. Identification of acid-resistant mutants of Lactococcus lactis found that one such mutant resulted from disruption of a gene that demonstrated sequence similarity to ahrC, which encodes a regulator of arginine synthesis and catabolism in Bacillus subtilis (12) . It is suggested that this mutation may have resulted in constitutive expression of arginine-metabolic enzymes in the ADI pathway (190) . Similar regulators have been found in E. faecalis, where arginine induces expression of arcABCRD by means of two homologous ArgR/AhrC-type regulators (ArgR1/ArgR2). Transcription of argR1 and argR2 is influenced by glucose and arginine, and it is likely that induction of the system by arginine and repression by glucose is mediated by R1 and R2 (see next paragraph). There are R1-and R2-binding sites within the promoter regions of arcA, argR1, and argR2. These promoters also have ArcR-and CcpA-binding sites (11) . Additional regulation in L. lactis subsp. cremoris MG1363 may be provided by the twocomponent signal transduction system, LlkinA-LlrA. While mutation of either of these components results in an ADInegative and acid-sensitive phenotype, the precise role of this system has yet to be determined (169) .
The ADI systems in LAB associated with cheese fermentations (57), L. sakei (262) , oral LAB (78, 153) , and E. faecalis (209) are subject to catabolite repression by glucose. In fact, the original observation that one of the major functions of the ADI system was to assist acid tolerance followed the observation that S. faecium and S. sanguis mutants which had defective catabolite repression systems and which could simultaneously degrade both glucose and arginine demonstrated greatly increased acid resistance in the presence of glucose (153) . The derepression of these mutants can also be compared to the ability of the ADI system to protect cells that have been in stationary phase for a time when natural derepression occurs (28) . In contrast, L. sanfranciscensis (70) , O. oeni, and other wine LAB (147) catabolize glucose and arginine concurrently.
Regulators
Regulation of gene expression in response to the extracellular environment is an adaptive response that is required for bacterial replication and survival. Alternative sigma factors have been demonstrated to play an important role in the coordinate regulation of gene expression in bacteria undergoing major adaptive changes in physiology; it is therefore unsurprising that such sigma factors play a role in the response of bacteria to low pH.
Sigma factors.
B is an alternative "stress" sigma factor that has been identified in L. monocytogenes, B. subtilis, and Staphylococcus aureus and whose function has been compared to those of RpoS/ S in gram-negative bacteria as a consequence of its regulation of a large stress-induced regulon in B. subtilis and S. aureus.
B was initially identified in B. subtilis as controlling transcription of genes induced at the end of the exponential phase (107, 251) . It exerts its influence on a regulon of over 100 csb (for "controlled by sigma B") genes in response to environmental and energy stresses. The title of "stress sigma factor" is apt because B. subtilis B mutants display a 50-to 100-fold reduced ability to survive heat (54°C), ethanol (9%), salt (10%), or acid (pH 4.3) shocks as well as freezing, desiccation, and exhaustion of glucose or phosphate (241) . In fact, heat shock proteins regulated by B constitute the class II heat shock regulon.
RsbW (for "regulator of sigma B") functions as an antifactor (19) . RsbW thus prevents B activity from occurring at inappropriate times, and its loss is deleterious to logarithmically growing cells (22) . RsbV acts as an "anti-anti-factor" by preventing the formation of an RsbW-B complex (81) . RsbV is itself modulated by the phosphatases RsbP (237) and RsbU (240) . The sensing of energy stress is mediated through the PAS domain of RsbP (237) and an ␣/␤ hydrolase, RsbQ (23), while environmental stress is sensed through the activation of RsbU by a regulatory cascade that includes the RsbS antagonist, the RsbT kinase, the RsbX phosphatase, the RsbR regulator, and four RsbR paralogues, YkoB, YojH, YqhA, and YtvA (1, 2, 127, 239) .
The equivalent S. aureus genes were identified by analysis of a Tn 551 mutant that exhibited a dramatically reduced resistance to methicillin. The genes corresponding to rsbU, rsbV, rsbW, and sigB were found between orf136 and CTorf239, which did not show homology to any known proteins (253) . No open reading frames corresponding to the B. subtilis rsbR, rsbS, rsbT, or rsbP genes have been identified (Fig. 3) . Strain NCTC 8325, which demonstrates low methicillin resistance, has a truncated rsbU gene that seems to be caused by a frameshift. In the highly methicillin-resistant strain COL, a stretch of an additional 11 bp restores the reading frame.
B mutations, in strains with an intact rsbU gene, resulted in these strains being deficient in their ability to respond to acid (139) and impaired their ability to induce a stationary-phase ATR (32) . It was confirmed that RsbU was indeed the major activator of the B response to acid stress when it was shown that expression from the B -dependent sarA P3 promoter was greatly reduced at pH 5.5 in the absence of RsbU (176) .
The rsbU, rsbV, rsbW, sigB, and rsbX genes have also been identified in L. monocytogenes (15, 247) . Again, a B -dependent promoter has been identified upstream of rsbV, and this is induced by a drop in pH to 5.3.
B mutants were found to be extremely acid sensitive, with survival of mutant stationaryphase cells exposed to pH 2.5 being 3.6 log units lower than that of the isogenic parent after 2 h (247). Increased sigB transcription was seen following exposure of exponentially growing cells to acid (15) . The percent survival of a stationaryphase culture of this mutant was also found to be 10,000-fold lower than that of the wild type after 3 h at pH 2.5. However, adaptation of this mutant at pH 4.5 improved the survival of the mutant by 1,000-fold, suggesting the existence of both B -dependent and -independent pathways (86). The B mutant also demonstrates reduced virulence potential, possibly because B regulates one of the promoters immediately upstream of PrfA (163) .
The Brevibacterium flavum sigB gene, a homolog of which has also been identified in B. lactofermentum (172) , is significantly induced under several stress conditions, one of which is acid stress (108) . While wild-type B. flavum demonstrates a reduced growth rate at pH 4.4, the growth of a sigB mutant was arrested at this pH (109) .
The mycobacterial extracytoplasmic function sigma factors regulate gene expression in response to the extracellular environment. One of these, SigE, influences survival following stress in a number of mycobacteria, as demonstrated by the enhanced rate of killing of an M. smegmatis sigE mutant at pH 4 (252) .
Two-component signal transduction systems. Bacteria can also sense and respond to environmental changes through the use of two-component signal transduction systems (2CSs). 2CSs typically consist of a membrane-associated histidine kinase sensor and a cytoplasmic response regulator. 2CSs function in bacterial adaptation, survival, and virulence by sensing environmental parameters and giving the bacteria a mechanism through which they can respond.
A transposon mutant of L. monocytogenes has been identified which is more sensitive to low pH than the wild type during the logarithmic phase of growth and yet more acid resistant during stationary phase. The mutation responsible for this phenotype is located in a two-component system, lisRK (49) . This system is also involved in the resistance of Listeria to agents that act at the cell envelope, such as ethanol, nisin, and cephalosporins (49, 52) . On the basis of the roles of LisRK homologs in other bacteria (103, 157) , as well as its regulation of a penicillin binding protein, it is likely that the growth phase variation in acid sensitivity of this mutant is linked to the regulation of cell envelope composition. The LisRK system is the only one of a number of 2CSs from Listeria that plays a role in acid stress resistance (125) . In addition, of a number of PhoP-PhoS homologs identified in E. faecalis only one, EtaRS, a homolog of LisRK, had an impact on the acid resistance of the cell. Mutation of etaR resulted in a 100-fold decrease in the survival of logarithmic cells at pH 3.4 (227) .
The role of two 2CSs from S. mutans, ComDE and HK11/ RR11, which act in acid resistance and biofilm formation, is described in the next section.
Cell Density and Biofilms
The cell density of gram-positive bacteria affects their acid resistance, although this effect varies depending on whether the cells are planktonic or part of a biofilm. When attached to stainless steel, L. monocytogenes demonstrates increased resistance to acetic acid, and this resistance increases with the age of the culture (173) . Cell density was found to modulate the acid adaptation of log-phase S. mutans BM71, since preadapted cells at a higher cell density from a dense biofilm displayed significantly higher resistance to the killing pH than did the cells at a lower density. The log-phase ATR could also be induced by a neutralized culture filtrate collected from a low-pH culture, suggesting that the culture filtrate contained VOL. 67, 2003 RESPONSES OF GRAM-POSITIVE BACTERIA TO LOW pH 439
an extracellular induction component(s) involved in acid adaptation in S. mutans. Mutants defective in the comC, comD, or comE genes, which encode a quorum-sensing system essential for cell density-dependent induction of genetic competence, had a diminished log-phase ATR. Addition of competence-stimulating protein to the comC mutant partially restored the ATR. These results show that cell density and biofilm growth modulate acid adaptation and suggest that optimal development of acid adaptation in this organism involves both low pH induction and cell-cell communication (143) . This may explain why biofilm cells possess a number of novel proteins, of unknown function, that are not produced by planktonic cells. In addition to cell-cell communication, the formation of biofilms seems to physically protect cells from an exogenous source of protons because live cells are frequently observed in the deepest layers of the biofilm. It would seem, however, that biofilm formation does not protect bacteria from the internal low-pH shock that results from the acidic byproducts of metabolism (221) . Another 2CS, HK11-RR11, plays a role in the acid resistance of and biofilm formation by S. mutans. Deletion of hk11 resulted in slow growth at low pH, a diminished ATR, and defects in biofilm formation. HK11 may act in conjunction with one or more response regulators other than RR11 since mutation of this response regulator does not affect acid sensitivity (144) . In addition to the acid shocks produced by lactic acid or during sucrose consumption, starvation induces acid resistance of S. mutans in suspension and in biofilms, making it likely that during the "famine" between meals, the bacteria in oral biofilms may be more resistant to acid (259) . The ability of S. mutans biofilms to cause dental caries is aided by a number of extracellular sucrose-metabolizing enzymes including three glucosyltransferases, encoded by gtfB, gtfC, and gftfD, and a fructosyltransferase, encoded by the ftf gene. Promoter reporter studies showed that in cells growing as part of a biofilm, the gtfBC genes were induced by sucrose, glucose, and a drop in pH (142) .
The induction of acid tolerance at neutral pH has also been the subject of analysis to explain the growth phase acid sensitivity of Lactococcus lactis. "Growth phase acid sensitivity" is the term used to describe the observation that stationary-phase cells inoculated into fresh broth become gradually more acid sensitive, reaching their most sensitive state during the early logarithmic phase before tolerance increases to a maximum at the onset of the stationary phase. The growth phase acid tolerance of L. lactis does not result from changes in internal pH or F 1 F 0 -ATPase activities, and the increased sensitivity of early-log cells is not related to either glucose levels or lactate production. It was found that cells grown in partially spent TYG (tryptone, yeast extract, glucose) medium had increased relative acid tolerance, but that this enhanced tolerance is eliminated by the addition of tryptone or yeast extract. More specifically, a 1-kDa protease-sensitive putative active compound has been purified and is thought to be responsible for this phenotype (4).
Alteration of Metabolic Pathways
While studies of bacterial acid resistance have revealed mechanisms responsible for growth at mildly acidic pH, acid adaptation, and survival at more extreme pH, the systems that respond to autoacidification, which is of particular importance during fermentation by lactic acid bacteria, are less well understood. It has been established that as acidification progresses, ATP is rerouted to generate a proton gradient with a concomitant reduction in the energy available for biomass synthesis and catabolic flux until growth is eventually arrested. The metabolic perturbations that occur are brought about through altered transcription of genes involved in central metabolism, although, surprisingly, these alterations were often not evident during the period of sharp pH decline, in some cases possibly due to an increase in mRNA stability. In fact, an increase in the concentration of several glycolytic enzymes was observed postacidification, and this has the potential to facilitate rapid growth recovery if the pH stress is removed (84) .
ACID RESISTANCE OF SELECTED GRAM-POSITIVE BACTERIA

Listeria monocytogenes
Listeria monocytogenes, the causative agent of listeriosis, may encounter low-pH environments at a number of stages during the course of its infectious cycle, including in low-pH foods, during gastric transit, following exposure to fatty acids in the intestine, and finally in the phagosome of macrophages, where Listeria not only survives acid stress but also requires a drop in pH in order to activate hemolysin, the toxin that permits its escape from the phagosome. Listeria must therefore have a number of mechanisms for responding to, and surviving in, acidic environments.
L. monocytogenes can induce a protein synthesis-dependent log-phase ATR when exposed to an induction pH (5.0 to 5.5), dramatically increasing the resistance of log-phase cells (69, 135, 170) to more extreme acidic conditions. One of the primary consequences of acid adaptation appears to be an increased intracellular pH (pH i ), since it was found that at low external pH, acid-adapted and acid-resistant mutant cells maintained an elevated pH i relative to the wild type. This elevation in pH i is dependent on protein synthesis (171) . The presence or absence of glucose has a large impact on pH. In the presence of glucose, the pH i drops below pH 7.0 only when the extracellular pH (pH o ) drops below 4. However, in the absence of glucose, a pH o of 5.5 causes a drop in pH i . In both cases, a drop in pH i coincides with a net influx of protons, indicating that membrane transport processes are the main contributors to the process of pH i homeostasis in L. monocytogenes subjected to acid stress (206) .
Two-dimensional analysis of the proteins induced during adaptation has identified 17, 30, and 21 proteins present at increased levels and 17, 8, and 9 present at reduced levels following adaptation with hydrochloric acid or lactic acid or in the nonadapted ATM56 mutant, respectively, in complex broth. In addition, six proteins were identified following HCl adaptation which were not visible on other gels (171) . The proteins induced in response to acid induction and acid stress caused by the addition of HCl to minimal medium have also been examined (178, 179) . It was found that 47 and 37 proteins were induced by pH 3.5 and 5.5, respectively, and that 23 of these were common (Table 1) . These included ATPase-subunit B and GroEL, both of which have been discussed above.
The ability of L. monocytogenes to survive acid stress was found to be growth phase dependent, as indicated by the fact that 100% of stationary phase cells can survive exposure to pH 3.5 for 60 min. These cultures maintain high levels of acid resistance following inoculation into fresh broth but become more sensitive as the growth rate increases up to mid-logphase, when they are at their most sensitive, resulting in a 2.5-log-unit reduction in cell numbers, before becoming gradually more resistant as the cells reenter the stationary phase (170) . However, the phenomenon of cell density-dependent acid sensitivity in stationary-phase cultures observed in E. coli was found to be absent in Listeria and other gram-positive bacteria (68) .
The acid resistance of Listeria influences its survival in foods. In addition to the role of the GAD system described above, the phenomenon of acid adaptation aids the survival of this food pathogen in acidic foods such as cottage cheese, yoghurt, whole-fat cheddar cheese, orange juice, and salad dressing and thus must be taken into consideration when using low pH as a preservative (92) . In addition to the pH, the natural flora of the food can have a significant impact. It was found that the presence of the natural microbial flora that may be established in a meat-processing plant in nonacidic (water) washings had a detrimental effect on the ability of L. monocytogenes to subsequently induce an ATR, thus sensitizing it to subsequent exposure to acid. This may be due to L. monocytogenes having to adapt and survive under the conditions created in the water washings by the gram-negative spoilage flora. Since bacterial pathogens seem to be acid sensitized under the stressful conditions prevailing in nonacidic meat washings, it may be possible to use water, steam, or other nonacid treatments with or without low-pH meat decontamination technologies to manipulate the natural flora in a way that may be advantageous to meat safety (200) .
In addition to acidic foods, Listeria encounters low-pH stress in vivo. In agreement with results showing the importance of the role of the GAD acid resistance system in the survival of L. monocytogenes in gastric juice, the increased gastric transit of Listeria following an increase in the pH of the stomach demonstrates the role of stomach acid as a primary barrier against listeriosis (44, 63, 205, 258) . A neutropenic-mouse model was used to demonstrate that oral administration of sodium bicarbonate shortly before intragastric inoculation significantly increased the severity of the resulting systemic infection by L. monocytogenes strain EGD (64) . When the murine gastric pH was lowered through the use of acidified water, it was observed that acid-adapted cells enjoyed increased resistance relative to their unadapted counterparts (198) . These results suggest that control of gastric pH through dietary practices or use of inhibitors of gastric acid secretion may be potential aggravating risk factors for food-borne listeriosis.
The induction of an ATR does not improve the survival of L. monocytogenes cells inoculated into the intraperitoneal cavity of mice. However, it has been speculated that this may be a consequence of cells naturally developing acid tolerance following uptake by macrophages, thus eliminating any advantage that would be conferred by prior adaptation (91) . Acid-adapted cells do, however, enjoy an advantage over nonadapted cells in cell culture assays, as is evidenced by a ninefold increase in the invasion efficiency of the enterocyte-like cell line Caco-2. This advantage also extends to growth in lipopolysaccharidetreated J774.A1 macrophages. In these cells, four-to fivefoldgreater numbers of acid-adapted Listeria were present 4 h postinfection, relative to the number in untreated cells. At 8 h postinfection, the majority of acid-adapted cells were free in the cytoplasm whereas a large number of the nonadapted cells remained in intact phagosomes (46) . Both adapted and nonadapted bacteria were phagocytosed and multiplied efficiently in nonactivated THP-1 macrophages. Following activation of the macrophages, the rate of invasion of acid-adapted and nonadapted cells remained equal. However, the active macrophages became nonpermissive to growth of the nonadapted cells while acid-adapted cells demonstrated a greatly enhanced intracellular growth rate (47) .
The enhanced survival of acid-adapted L. monocytogenes in activated human macrophages is associated with an altered pattern of expression of genes involved in acid resistance and cell invasion. Transcription of plcA, which is involved in vacuolar escape and cell-to-cell spread, is decreased by 12% after acid adaptation. In contrast, increased transcription of sodC (310%) and the combined gad genes (3000%) was observed after acid adaptation (47) . It is interesting that while Hly and PlcA are both expressed in the phagosome and contribute to vacuolar escape, the pH ranges for their enzymatic activities are different (96, 99) . Hly expression requires a more acidic pH (4.5 to 6.5) than does PlcA (pH 5.5 to 7.5) and is triggered by the immediate drop in the pH of the macrophage phagosome following phagocytosis (14) , with optimal activity in vivo observed at pH 5.94. The key to the survival of the bacteria appears to be their escape before phagosome-lysosome fusion (71) . It was found that inhibitors of vacuolar ATPases such as the lipophilic weak base ammonium chloride bafilomycin A 1 or the carboxylic ionophore monensin completely prevent perforation of the vacuole, suggesting that a drop in pH is a prerequisite for phagosomal escape (14, 48) . On the basis of these observations, it is speculated that after cell invasion, the acidic environment of the phagosome could prevent plcA expression while enabling Hly to be accumulated in an enzymatically active state. Pore formation by Hly would then raise the phagosomal pH to neutral values, thereby increasing PlcA expression (47) . Such tight regulation is essential, since many virulence factors, including listerial hemolysin and phosphatidylinositolspecific phospholipase C (208), are highly antigenic for the host immune response. Thus, both premature and delayed expression are counterproductive to bacterial survival. This was demonstrated when a leucine-to-threonine conversion was generated at position 461 of hemolysin and resulted in a 10-fold increase in activity at neutral pH. As a consequence of premature permeabilization of the host membrane, resulting in host cell death, there was a 100-fold virulence defect in the mouse listeriosis model (98) .
To further appreciate the consequences of the emergence of acid-resistant strains, spontaneous acid-tolerant mutants were isolated which were almost as resistant, without acid induction, as adapted wild-type cells and which could be further induced to display even greater levels of survival (46, 170) . Compared with wild-type cells, these mutants displayed enhanced acid tolerance during all stages of growth, enjoyed improved sur- (46) , and caused higher rates of mortality in mice (170) . Further evidence for the role of the ATR in virulence has also been obtained by the identification of a mutant, ATR-1, that is unable to induce acid tolerance and displays diminished virulence in mice (154) . In this case, it was subsequently found that any ATR-1 survivors from this virulence study had all reverted to being able to induce an ATR (unpublished results). Acid resistance is subject to strain variation. Of a selection of 15 strains of L. monocytogenes of clinical origin, none displayed significant sensitivity after exposure to pH 2.5 for 2 h, yet 2 of a selection of 15 strains of meat origin were acid sensitive (82) . It was thought to be significant that no acid-sensitive strains were selected from among the clinical isolates, again suggesting the importance of acid resistance in the infectious process (82) .
Rhodococcus equi
Rhodococcus equi is a facultative intracellular pathogen causing suppurative bronchopneumonia, lymphadenitis, and/or enteritis in foals younger than 3 months (185). There has also been an increase in the number of cases of infections in patients with AIDS or some other form of immunodeficiency (79) , with the route of infection suspected to be via inhalation of dust. A large (85-to 90-kb) plasmid is associated with virulent strains (225) that appear to proliferate in phagosomes prior to fusion with lysosomes (260) .
During its stay in alveolar macrophages, R. equi is thought to encounter low pH and oxidative stress. R. equi seems to be particularly acid resistant, since pH 4.0 (HCl) is bacteriostatic and more severe challenges (pH 3.0 and 2.5) are necessary to inactivate the bacteria, while 20% of a population of midexponential-phase cells survived after 30 min at pH 2 (18) . Virulent and avirulent strains are equally capable of inducing an ATR, with maximal protection provided after adaptation at pH 5 for 90 min. Two-dimensional gel electrophoresis indicated that six membrane proteins were overexpressed and six were repressed at pH 5. Of the cytoplasmic proteins, seven were overexpressed and five were repressed at the same pH. These results were common to both virulent and avirulent strains. However, in another strategy involving a comparison of cDNA generated from plasmid mRNA with and without acid induction, it was found that vapA (for "virulence-associated protein") exhibited induction by a factor of 29.5 at pH 5 while Western blot analysis suggested 5-fold enhancement (18) . These results were in line with a previous study showing VapA induction in cultures grown at acidic pHs (223) . In addition, vapD, which seems to be cotranscribed with another open reading frame (named orf3), was induced. While the roles of vapA and vapD have yet to be elucidated, it is known that VapA is surface exposed (224) , which is consistent with the high immunogenic response to this protein (225, 226) . It is speculated that VapD is also surface exposed due to its high percent homology to VapA.
Mycobacterium spp.
Although many mycobacteria are free-living saprophytes, it is unsurprising that studies of the acid resistance of mycobacteria have concentrated to a greater extent on the pathogenic species: (i) Mycobacterium tuberculosis, which, as the causative agent of tuberculosis in humans, is responsible for around 3 million deaths per year; (ii) Mycobacterium avium, which can survive in macrophages and causes one of the most common opportunistic infections in AIDS patients (83) ; and (iii) Mycobacterium avium subsp. paratuberculosis, the causative agent of paratuberculosis (Johne's disease), a chronic granulomatous enteritis in ruminants. M. avium subsp. paratuberculosis has also been detected in the intestinal tissue of human patients with Crohn's disease, a chronic enteritis of unknown etiology with pathological and clinical similarities to paratuberculosis (41) , suggesting a possible zoonotic relevance.
In vivo, mycobacteria encounter an acidic pH in the lungs, stomach, and macrophage phagosome. Evidence that M. tuberculosis encounters an acidic environment in the lungs has been established by the activity of the antimycobacterial agent pyrazinamide, which has no activity against M. tuberculosis in vitro except at an acidic pH. Pyrazinamide rapidly reduces the level of extracellular M. tuberculosis in the lungs of tuberculous patients (159) . The acidic pH of the stomach has long been assumed to be a mechanism of host defense against M. tuberculosis (62) . Gastrectomy and chronic gastritis (decrease or absence of the acid barrier) are risk factors for the development of intestinal tuberculosis (62) . The large majority of M. avium infections in AIDS patients are acquired via the gastrointestinal tract (65, 194) .
Of the mycobacteria studied to date, the growth of M. tuberculosis was most restricted at pH 6 (requiring elevated levels of Mg 2ϩ [see below]). M. kansasii and M. smegmatis also grew very poorly in acidic media with limiting Mg 2ϩ . However, M. fortuitum, M. marinum, M. scrofulaceum, M. avium, and M. chelonae grew at pH 6 in an unrestricted manner (180) . In fact, it has been shown that M. avium, independent of the growth phase, is able to resist exposure to pH 2.2 for 2 h. Prolonging exposure for up to 24 h decreased survival in a growth-phase-dependent manner, with cells grown to the stationary phase being more tolerant. Acid resistance of M. avium was observed without preadaptation to acid, suggesting that the bacterial cell wall may resist acid without the de novo synthesis of proteins, lipid, or carbohydrate or that the use of presynthesized components such as proton pumps or amino acid decarboxylases may confer protection. However, the increased resistance of M. avium to acid following preincubation under conditions similar to those found in the environment suggests that a natural resistance to low pH may exist under such conditions (20) . In contrast to the high constitutive level of acid resistance exhibited by M. avium, the relatively acidsensitive M. smegmatis exhibits a strong ATR; i.e., adapted cells enjoy a two-to threefold increase in percent viability after a 4-h exposure to a lethal pH (168) .
Regardless of the initial site of infection of the pathogenic mycobacteria, persistence in macrophages is a crucial step. M. tuberculosis, M. leprae, and M. avium use a combination of two strategies to survive in macrophages. The phagosomal pH can be altered, with the exclusion of the vacuolar ATPase from the phagosome membrane being a major factor (58, 216) , or phagosome-lysosome fusion can be inhibited (181) . Ammonia is produced by some mycobacteria and may also contribute to the increase in vacuolar pH (89) . This ability may explain an ob-VOL. 67, 2003 RESPONSES OF GRAM-POSITIVE BACTERIA TO LOW pH 443 served initial capacity of the nonpathogenic mycobacteria to survive in phagosomes. Dual-label spectrofluorometry was used to show that live M. avium cells were exposed to a pH of ca. 5.7 at 6 h postphagocytosis while similarly labeled Salmonella enterica serovar Typhimurium or heat-killed M. avium cells were at a pH of less than 4.8 (216) . Similar values were seen with phagosomes containing the nonphagocytic mycobacteria M. gordonae (pH 5.8) or M. smegmatis (pH 5.2) after 5 h (136). The less acidic phagosomal pH encountered by M. avium approximated closely the optimal pH for survival and growth of M. avium in simple broths and is similar to the optimal pH reported for M. tuberculosis and M. scrofulaceum (pH 6 to 6.5) (33) , suggesting that the less acidic environment encountered by M. avium within macrophages favors its survival (101) . A Mycobacterium-Coxiella burnetii coinfection model was used to test whether M. avium or M. tuberculosis could survive after transfer to an acidified phagolysosome-like vacuole. It was found that while colocalization did not affect M. avium growth (since the doubling time in fact decreased from 1.9 to 1.5 days), the growth of M. tuberculosis was impaired (the doubling time increased from 2.2 to 7.1 days). This correlates with the enhanced acid sensitivity of M. tuberculosis relative to M. avium (33) . It is suggested that the sensitivity of M. tuberculosis to low pH may contribute to the control of the infection in humans that is thought to depend on macrophage activation by an emerging immune response. If activation is delayed and the number of organisms increases before acidification of the vacuole occurs, extensive growth of the mycobacteria may take place and clinical disease eventually results (180) . Although M. tuberculosis grows within the phagocytic vacuoles of macrophages, it has to cope with both nutrient limitation (94) and a moderately acidic pH (6.1 to 6.5). Since the stress brought about by low pH is more severe in a nutrient-limited environment, the response of mycobacteria to pH stress in a defined (nutrient-poor) medium was studied (77) . In such a medium, the growth of M. tuberculosis was very restricted by acidic pH. Higher levels of Mg 2ϩ were required for growth in mildly acidic media (pH 6 to 6.5) compared to media at pH 7. Ca 2ϩ , Zn 2ϩ , or Mn 2ϩ could not supplant Mg 2ϩ at pH 6.25, but Ca 2ϩ could partially substitute at pH 7. Thus, M. tuberculosis must acquire a sufficient level of Mg 2ϩ to grow in mildly acidic environments such as the macrophage phagosome, for which it has been estimated that the level of Mg 2ϩ is in the low micromolar range (94) . It has been shown that an M. tuberculosis mutant with a mutation in the mgtC gene, encoding a magnesium transporter, exhibits attenuated growth in media with reduced Mg 2ϩ levels but only when the media are mildly acidic (25) . This mutant is also attenuated for growth in human macrophages and in vivo in the lungs and spleens of mice. While the role of Mg 2ϩ is unknown, it may be participating in the maintenance of a neutral pH, since the Mg 2ϩ -dependent proton-translocating ATP synthase is reported to play a role in acid tolerance in bacteria (13) . Homologues of the ATP synthase are present in the M. tuberculosis genome (45) , while the role of the M. smegmatis F 1 F 0 -ATPase in response to low pH has been described in a previous section. Alternatively, the effect may be indirect; for example, increased levels of Mg 2ϩ in the environment may be required due to a less active mycobacterial Mg 2ϩ transport system at low pH or as a consequence of a cellular demand for increased levels of Mg 2ϩ for other functions under acidic conditions.
Clostridium perfringens
Perfringens food poisoning is the term used to describe the common food-borne illness caused by C. perfringens. A more serious, but rare, illness termed pig-bel may be caused by ingesting food contaminated with type C strains. It is likely that the acid resistance of the organism contributes to its survival in foods and in vivo, since C. perfringens is capable of escaping from the macrophage phagosome (167) .
In addition to the roles of GAD and GroEL to the acid resistance of clostridia, C. perfringens induces a number of acid shock proteins in response to adaptation at pH 4.5 for 20 min, resulting in a 15-fold increase in acid resistance (238) .
Staphylococcus aureus
Staphylococcus aureus is able to invade tissues only via broken skin or mucous membranes; hence, intact skin is an excellent human defense. Since abscesses are generally the initial foci of infection, nonprofessional phagoctes are responsible for most of the initial killing of S. aureus. The ability to avoid or survive attack by neutrophils and other phagocytes is thus critical for the pathogen. S. aureus is killed rapidly at pH 2 but develops resistance if adapted first via a sigB-mediated pathway (32) . This leads to induction of sodA. A sodA mutant demonstrates increased acid sensitivity, suggesting that acid stress in turn leads to oxidative stress (43) . This is significant when one considers the combined roles of low pH and oxidative stress in the macrophage phagolysosome. Of 10 S. aureus mutants defective in the starvation-induced stationary phase of growth, 6 were more sensitive than the wild type strain at pH 2. Two of these had mutations in genes encoding homologs of hypoxanthine-guanine phosphoribosyltransferase and heme A synthase, respectively, which seemed to result in decreased viability regardless of the stress. The other mutants lacked SodA, which has been discussed above; RpoE, which seems to play a regulatory role in stationary phase; a protein of unknown function; and UmuC. UmuC plays a role in the SOS response in B. subtilis, i.e., the response induced in response to DNA damage (242) , again demonstrating the importance of DNA repair systems in the response to low pH (245) .
Bacillus cereus
B. cereus food poisoning is a general description, although two recognized types of illness are caused by two distinct metabolites. The diarrhoeal syndrome is caused by a high-molecular-weight protein or protein complex, while the vomiting (emetic) syndrome is caused by a low-molecular-weight, circular, heat-stable peptide. The presence of large numbers of B. cereus cells, greater than 10 6 organisms/g, in foods is indicative of active growth and proliferation of the organism and is consistent with a potential hazard to health.
Low pH is again likely to be one of the stresses encountered by this pathogen in food. B. cereus undergoes acid adaptation at pH 6.3, resulting in enhanced protection when subsequently exposed to pH 4.6, heat, ethanol, salt, or hydrogenperoxide.
Acid adaptation was associated with induction of SodA, and acid-adapted cells maintained a higher internal pH. An acidsensitive mutant appeared to suffer from membrane damage that appeared to affect ability of the strain to control its internal pH (24) . This mutant underexpresses a number of proteins.
Oral Streptococci
The acid resistance mechanisms used by oral streptococci, especially S. mutans, have been described in great detail in previous sections. However, while S. mutans is one of the most acidogenic of the species found in dental plaque, being capable of producing acid from fermentable carbohydrate at a higher rate and over a much greater pH range than most other streptococci (75) , the role of other bacteria in the progression of the disease was not investigated until recently, when a number of studies highlighted the pathogenic potential of non-mutans streptococci. S. oralis forms a significant proportion of the aciduric microflora of plaque (3, 16) . It has also been demonstrated that non-mutans streptococci, including S. oralis, exhibit acid-induced tolerance of low pH and acidogenicity (202, 222, 233, 234) . As a consequence, it has been suggested that the contribution of non-mutans streptococci to dental caries may need to be reevaluated.
However, until such a reevaluation occurs, S. mutans will continue to receive greatest attention. Even then, care needs to be taken when studying laboratory strains. A study involving two fresh isolates and two laboratory strains found that all strains could induce a mid-log-phase ATR but that only the fresh isolates exhibited a stationary-phase ATR. These also differed from the laboratory strains by exhibiting enhanced acid tolerance as a consequence of glucose starvation, although this was diminished in a defined medium with a low concentration of amino acids. It was found that one of the fresh isolates, H7, produced at least 56 extracellular proteins whereas a laboratory strain, LT11, produced only 19. H7 was also found to have two-to fourfold-higher levels of intracellular glycogen in the stationary phase than strain LT11 did. It has been suggested that S. mutans H7 possesses the required endogenous metabolism to support amino acid and peptide uptake in the early stationary phase, which resulted in the formation of basic end products that, in turn, contributed to enhanced intracellular pH homeostasis (220) .
Lactic Acid Bacteria
The three main systems involved in lactococcal pH homeostasis, i.e., the ADI system, the H ϩ -ATPase proton pump, and the GAD system, have been described in greater detail in previous sections.
LABs are also capable of inducing an ATR in response to mild-acid treatment (112, 175, 190) . The systems induced by this response include pH homeostatic, protection, and repair mechanisms. Acid adaptation of Lactococcus lactis subsp. cremoris strains MG1363 and 712 both require de novo protein synthesis (190) , as does Lactobacillus casei (all oral LABs) (150) . In contrast, acid adaptation in L. lactis subsp. lactis strain IL 403 is reported to be independent of protein synthesis (112) , although induction of UV-inducible proteins and heat shock proteins is observed (112) . Heat shock proteins are also induced following acid adaptation of Lactobacillus delbrueckii (145) .
Genes and proteins involved in pH homeostasis and cell protection or repair play a role in acid adaptation, but this role can also extend to more general acid tolerance mechanisms. Rallu et al. isolated 21 acid-tolerant insertional mutants of L. lactis MG1363 that resulted in the identification of 18 corresponding loci (189, 190) (Table 2 ). In all, four classes of mutants were defined: (i) class 1 mutants are more resistant than the wild type during the exponential phase only; (ii) class 2 mutants are more resistant than the wild type during the early stationary phase; (iii) class 3 mutants are more resistant than the wild type during all stages of growth but do not exhibit enhanced long-term (2-day) survival; and (iv) class 4 mutants are more resistant than the wild type during all stages of growth and also exhibit enhanced long-term (2-day) survival. The authors propose that the class 1 and 2 mutants are altered in their abilities to maintain pH homeostatis, and thus acid stress specifically, while class 3 and 4 mutants are involved primarily in protection of cell components, with the majority playing a role in general stress responses.
Classes 1 and 2 consist of mutants affected in glutamate or phosphate transport. Increased acid resistance may result from decreased intracellular levels of these metabolites acting to trigger a stress response or may be a consequence of reduced proton uptake. The high acid tolerance of L. lactis mutants with defects in the high-affinity phosphate transporter is possibly due to the induction of a regulon that includes stress response genes, as is the case in B. subtilis (85) . This finding also correlates with the observation that low pH decreases the activity of the phosphate transporter (183) .
The enhanced acid and general stress resistance of the class 3 and 4 mutants is thought to be a result of reduced intracellular concentrations of purine, phosphate, or guanine acting as signals for the induction of the stringent response. A model has been proposed (232) in which ribosomes may act as stress sensors (231) , with RelA binding to the ribosomes and modulating its (p)ppGpp synthetase activity according to their activity (29) while SGP senses, and possibly modulates, the GTP/ GDP ratio (8) .
INDUCTION AT LOW pH
More recently, a variety of techniques have become available which permit the identification, on a large scale, of genes and proteins that are induced in response to a low-pH environment (Table 1) . Improvements in two-dimensional gel electrophoresis as well as differential-display PCR, subtractive hybridization, and gene arrays have provided us, and will continue to provide us, with a wealth of information. However, care must be taken when interpreting these results, because not all of these genes and proteins will necessarily play a direct role in the pH stress response. This will require the use of more classical techniques such as the creation of mutants and determination of the consequences of these mutations on an individual basis.
It is interesting to note instances, however, where a number of genes associated with the same pathway or role are induced. For instance, many enzymes involved in glycolysis were upregulated following growth of S. oralis and S. mutans at low pH (248, 249) . Subsequent analysis of metabolic flux in L. lactis following autoacidification (discussed previously [84] ) showed that increased production of a number of glycolytic enzymes was a recurrent phenomenon following exposure of lactic acid bacteria to low pH. It may be that this increase aids the production of ATP at low pH and consequently aids increased proton extrusion via the F 1 F 0 -ATPase. In fact, induction of ATPase subunits in S. oralis, although not in S. mutans, was observed at low pH (Table 1) .
Another trend is observed in M. tuberculosis cells incubated at pH 5.5. Under such circumstances, the induced genes included those encoding isocitrate lyase and four other genes also potentially involved in the metabolism of fatty acids, fadB2, gltA1, Rv1130, and Rv1169c (88) . Isocitrate lyase is a key enzyme in the glyoxylate pathway used to metabolize fatty acids to glucose through an acetyl coenzyme A (CoA) intermediate. The icl genes from both M. tuberculosis and M. avium were previously shown to be induced in macrophages (102, 117) , and recent evidence demonstrated the requirement of these genes for survival in macrophages and for persistence in mice (158) . The fact that icl is induced by acid suggests that M. tuberculosis may sense low pH as a signal that the bacteria are entering the phagosome and should express genes, such as those involved in fatty acid metabolism, needed for long-term survival in that environment.
While a number of genes associated with the citrate pathway of glutamate biosynthesis were repressed at low pH, the involvement, if any, of this pathway in responding to acidic environments has yet to be elucidated. These results are representative of the potential benefits of proteomics and transcipteomics and indicate how the use of such strategies in combination with other techniques has the potential to greatly enhance our understanding of the global impact of low-pH stress (40) .
CONCLUSION
The mechanisms utilized by gram-positive bacteria to survive low-pH stress operate in a number of different ways.
Although not available to all gram-positive bacteria, the most successful means of surviving low-pH stress is the complete avoidance of extremely acidic environments. This is the case when pathogenic bacteria avoid exposure to mature phagosomes by preventing acidification or escaping into the cytoplasm. However, such strategies are carefully regulated by a number of environmental factors, none more important than the sensing of mild acidification, to prevent the potentially lethal consequences of inappropriate production of potentially antigenic proteins. However, even if escape from similarly extreme environments is not a realistic option, bacteria that are forewarned by mild acidification can prepare through the induction of a wide range of protective measures. These are described at length above and encompass systems that alter cell membrane composition, extrude protons, protect macromolecules, alter metabolic pathways, and generate alkalis. In situations where bacteria are "caught unprepared" by a low-pH stress, they are forced into a rearguard action which involves a heavy reliance on proton pumps, most notably the F 1 F 0 -ATPase, in an effort to keep the internal pH stable for a sufficient length of time to permit the induction of additional systems.
As is apparent from this review, while our understanding of the mechanisms used by gram-positive bacteria to grow or survive in low-pH environments has increased, much remains to be determined. Sequencing of whole genomes will undoubtedly result in the identification of genes and systems homologous to those described in this review as playing a role in the acid stress response. This will make it possible to speculate about how the newly sequenced organism may respond to different low-pH environments. Other relatively new technologies such as differential display and subtractive hybridization, the use of gene arrays, and two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) combined with mass spectroscopy have resulted in a recent surge in information pertaining to 446 COTTER AND HILL MICROBIOL. MOL. BIOL. REV.
pH-inducible genes. These genes fall into three categories: (i) those which are known to play a role in stress resistance, (ii) those for which such a role could be envisaged, and (iii) those apparently unconnected to stress resistance or of unknown function. It is necessary to determine, through the use of classical techniques, the role, if any, of individual genes in the last two categories in pH stress resistance. This area represents a major challenge for scientists in this field but should lead to an exciting future when a clearer understanding of the global response of bacteria to low pH will emerge. The anticipation of such an understanding does not prevent the application of information that has already been gleaned. An understanding of the systems involved may ultimately result in the reduction of numbers of pathogenic bacteria in low-pH foods, the mouth, the stomach and the macrophages (where relevant) while possibly suggesting ways in which the gastric transit of probiotic bacteria, survival of noncariogenic bacteria in the mouth, or enhanced acid production by a starter culture might be improved. If the theory put forward by Rowbury (195) is correct, i.e., that bacteria that are removed from foods by extreme heat treatments may leave residual extracellular induction factors with the potential to aid the survival of other bacteria contaminating another food ingested during the same meal, then it may be possible that responses induced by cells in, for example, the stomach may benefit other cells present in the small intestine.
The link between foods and low-pH stress exists at a number of levels. The age-old practice of fermenting with acid-producing starter cultures to improve food quality and limit the growth of spoilage and pathogenic bacteria represents a fine example of the manipulation of acid-resistant bacteria. However, future applications may involve the enhancement of such techniques. With respect to food quality, it has been speculated that the presence of the ADI system may benefit Lactobacillus sakei during certain meat fermentations (263) . Since the levels of free arginine in such circumstances can vary greatly depending on proteolytic activity, it may be of benefit to determine the consequences of artificially adding arginine. In sourdough LAB, this system, in addition to enhancing tolerance to acid stress, assists cell growth and cell survival during storage at 7°C and favors the production of ornithine, an important precursor of crust aroma compounds (70) . Whether this system improves or reduces wine quality requires further analysis. While it protects the LAB involved in malolactic fermentation of wine (148) , there is some concern about the creation of ethyl carbamate (urethane) precursors.
With a view to improving food safety, the observation that a number of starter cultures possess GAD activity could be significant because the selection, isolation, or creation of such cultures with heightened activity would minimize the amount of residual glutamate available to undesirable bacteria that depend on this amino acid for prolonged survival at low pH. Alternatively, if it were possible to generate safe glutamate analogues that would specifically inhibit or compete for bacterial decarboxylases, one could use starters that are not dependent on GAD activity to make safer foods. The use of mildly acidic conditions to limit the growth of undesirable bacteria in foods can have counterproductive consequences. While growth may be limited, the induction of an ATR frequently results in enhanced resistance to more extreme stresses (pH or otherwise) encountered downstream. Our ever-improving understanding of the signals and responses involved in this process will help to minimize adaptive responses.
The significance of the urease system in the oral cavity was best illustrated when a strain of S. mutans, which lacks urease, was genetically engineered to express the urease genes of S. salivarius. Rats infected which this strain had a dramatically lower incidence and severity of all types of caries compared with controls, showing that alkali generation inhibits the development of caries (42) . Increased production of saliva, containing 3 to 10 mM urea in healthy individuals, is the aim behind the use of sugar-free chewing gum. Utilization of salivary urea by non-mutans streptococci and other oral bacteria brings about an increase in pH and reduces the risk of enamel demineralization. This strategy has been taken a step further through the use of urea-containing chewing gum. Rinsing with urea also results in a rapid rise in plaque pH (210) , while a number of mouthwashes contain urea in the form of the "whitening" agent urea peroxide. It may also be possible to benefit from the neutralizing effects of the ADI system in a similar way. It is also thought that early colonization by ADI ϩ strains results in cariogenic bacteria being outcompeted (78) . Our ability to apply this research may become more important if fluoride-resistant mutants were to to emerge. Two fluorideresistant mutants of S. sobrinus, another mutans Streptococcus species, were shown to exhibit significantly greater acid production than their parent strains in the presence of 0.5 and 5.0 mM fluoride. The fluoride-resistant strains were also more aciduric than the parent strains in the presence of fluoride but not in its absence (207) .
In addition to processing foods to minimize bacterial survival, the opposite can be desirable. Foods, especially those with a good buffering capacity, are frequently used as carriers for probiotic bacteria to ensure survival and passage through the acidic stomach. Using the same example as outlined above, probiotic bacteria that possess an active GAD system would greatly benefit from glutamate supplementation. Furthermore, induction of some, or all, of the systems that play a role in acid adaptation could greatly aid the survival of these cultures not only in the stomach but also against other stresses subsequently encountered in the gastrointestinal tract. This theory was taken a step further when it was shown that heterologous expression of the O. oeni gene hsp18 in E. coli resulted in an enhanced acid-resistant phenotype. While such an application would have implications for the food-grade status of the manipulated organism, it does demonstrate one potential application that could emerge from the study of resistance mechanisms of gram-positive bacteria.
The few examples given above merely represent the most obvious applications. However, given that so many gram-positive bacteria depend on their acid resistance mechanisms, as illustrated in this review, the development of techniques to improve or reduce the survival of bacteria at low pH will reap rich dividends.
